Abstract-The planning of UMTS radio networks must take into account not only signal levels in the service area but also signal quality requirements since in the W-CDMA air interface the radio resources are shared by all base stations. In previous work [1], [2], [3] we have proposed discrete optimization models and algorithms for the UMTS base station location problem. However, optimizing BS configuration is often more critical than BS location since service providers may have a very limited set of candidate sites due to authority constraints. In this paper we address the general problem of optimizing base station locations as well as their configurations, such as antenna height, tilt, and sector orientation. We describe a mathematical programming model which considers the power control mechanism typical of W-CDMA and the Signal-to-Interference Ratio (SIR) as quality measure. The two contrasting objectives of the optimization process are traffic coverage maximization and installation costs minimization. A Tabu Search algorithm is proposed to find good approximate solutions of this NP-hard problem. Numerical results obtained for synthetic but realistic instances are also presented.
I. INTRODUCTION
In these years 3G mobile service providers are affording huge investments to develop network infrastructures. Given the high costs and the scarcity of radio resources, an accurate and efficient mobile network planning appears of outmost importance.
Due to the W-CDMA (Wideband Code Division Multiple Access) UMTS radio planning cannot be simply based on the signal levels in the service area but needs also to consider signal quality constraints, usually expressed in terms of SIR, traffic distribution, the power control mechanism and power limitations.
In [1] , [2] , [3] we have recently proposed some discrete optimization models and algorithms to support decisions on where to install new base stations (BS) with a fixed antenna configuration so as to serve the traffic in a given service area as well as possible. We assume the following information related to the service area are given: i) a set of candidate sites where BSs can be installed, ii) the traffic distribution estimated by using empirical prediction models and iii) the propagation description based on approximate radio channel models or ray tracing techniques.
Our models and algorithms can be a useful support when designing a new network or expanding an existing network to serve increased traffic, since in these cases it is necessary to decide where to install new BSs. In this decision process one may aim at serving the larger amount of traffic with the smaller installation costs. In real system planning, however, optimizing BS configuration can often be more critical than BS location since service providers may have a very limited set of candidate sites due to authority constraints on new antenna installation and on electromagnetic pollution in urban areas. So they are usually very interested in optimizing the coverage achieved with the available BSs by modifying their configurations, adding new BSs only when it is strictly necessary.
It is worth emphasizing that not only BS location but also antenna configuration has a strong impact on the traffic covered and the connection quality. For example, when considering three-sector antennas, the interference in each sector depends on its horizontal orientation which can be optimized taking into account traffic distribution. Since the vertical radiation diagram is not uniform, also the vertical orientation (tilt) of the antenna affects the SIR values. Smaller tilt angles tend to increase the coverage ray but also the captured interference, while larger angles yield the opposite effect. The above-mentioned parameters as well as antenna heights can thus be tuned in order to maximize traffic coverage. By combining antenna configuration optimization and base station location, one may try to reduce the number of BSs (or the cost of the network) needed to cover a given traffic.
Due to the many issues that affect system performance, the network designer's task is clearly quite complex and software planning tools based on optimization models and algorithms can make a substantial difference.
In this paper we present an enhanced model which aims at optimizing BS locations as well as configurations, such as antenna height, tilt, and sector orientation. To find good approximate solutions, we develop a Tabu Search algorithm which takes into account traffic coverage and installation costs. For a matter of space, the focus here is on the uplink (mobile to base station) direction, but the model and algorithm have been adapted to also account for the downlink direction.
In Section II the model that we proposed and investigated in [1] , [2] , [3] for the case with omnidirectional BSs is first extended to the case with directional BSs and then to that with configurations. Some aspects of our Tabu Search algorithm are briefly mentioned in Section III. Numerical results obtained for medium-size realistic instances generated using classical propagation models are reported in Section IV. Finally, Section V contains some concluding remarks.
II. BASE STATION CONFIGURATION AND LOCATION MODEL
As in [1] , [2] , [3] we assume that a set of candidate sites S = {1, . . . , m} where a BS can be installed, is given and that an installation cost c j is associated with each candidate site j, j ∈ S. A set of test points (TPs) I = {1, . . . , n} is also given. Each TP i ∈ I can be considered as a centroid where a given amount of traffic d i (in Erlang) is requested and where a certain level of service (measured in terms of SIR) must be guaranteed [8] . The required number of simultaneously active connections for TP i, denoted by u i , turns out to be a function of the traffic demand, i.e., u i = φ(d i ).
The propagation information is also supposed to be known, either computed by using prediction tools (e.g. Hata's models or ray tracing [7] ) or obtained by actual measurements. In the case of omnidirectional BSs or of directive BSs with an uniform horizontal diagram let g ij , 0 < g ij ≤ 1, be the propagation factor of the radio link between TP i, 1 ≤ i ≤ n, and a CS j, 1 ≤ j ≤ m. The propagation information is thus summarized by the gain matrix G = [g ij ] 1≤i≤n,1≤j≤m .
In the W-CDMA UMTS base station location and configuration problem one wishes to select a subset of candidate sites within the set S where to install BSs as well as their configurations, and to assign the TPs to the available BSs so as to maximize the traffic covered and/or minimize the installation costs while taking into account the signal quality requirements in terms of SIR and the power limits on the mobile stations.
As in [2] , [3] we assume a power-based PC mechanism in which the power received P received at BS j from each mobile station in a TP assigned to it is equal to P tar and consider the SIR as signal quality measure. In the uplink direction, the signal quality constraint for each connection amounts to P received /(I in + I out ) ≥ SIR min , where SIR min is the minimum SIR before de-spreading and the thermal noise is omitted as in the other works considering a power-based PC(see e.g. [9] ). Refer to [3] for a model assuming a SIR-based PC mechanism.
Let us define the two classes of decision variables: Since connections within a given sector of a BS are only affected by TPs that fall within that sector, for each CS j ∈ S and each sector σ we have a different SIR constraint that can be expressed as follows:
Ptar g ht
where P tar is by definition the power received from each assigned TP. It is not difficult to verify that constraint (1) enforces that, if a BS is installed in site j ∈ S (i.e., y j = 1), the SIR value in each sector σ must exceed the given SIR min . For any single connection assigned to sector σ of the BS located in site j, the numerator of the left-hand-side term is the power of the relevant signal received in j while the denominator amounts to the total interference due to all other connections within sector σ. Indeed, the double summation term expresses the total power received at site j from all TPs h in I σ j , i.e. all TPs falling within sector σ, from which the received power P tar of the relevant signal is subtracted. More specifically, for any TP h within sector σ the quantity P tar /g ht amounts to the emission power required at TP h to guarantee a received power value of P tar at site t. Note that, since m t=1 x ht = 1, the only term of the inner summation (over index t) that is nonzero corresponds to the site to which TP h is actually assigned. Thus, if this site is denoted by t(h), the outer summation can be rewritten as
) is the power received at site j from TP h and u h is the number of connections required from TP h. Clearly, the contribution to the outer summation of any TP h assigned to site j amounts to u h P tar since g hj = g ht(h) . Finally note that, since we consider directive BSs with omnidirectional antennas diagram along the horizontal axis, the propagation gains g ij do only depend on the distance between TP i and CS j and not on the sector σ in which TP i falls.
Thus, assuming a power-based PC mechanism, the integer programming model for the case with three sectors amounts to
The first term in the objective function (2) corresponds to the total traffic covered to be maximized and the second one to the total installation cost to be minimized. λ ≥ 0 is a trade-off parameter between these two contrasting objectives. Constraints (3) make sure that each TP i is assigned to at most a BS. Note that by restricting the assignment variables x ij to take binary values, it is required that in every feasible solution all active connections must be assigned to a single BS. For each pair of TP i in I and CS j in S, constraints (4) correspond to the most stringent constraint among the coherence constraint x ij ≤ y j , which ensures that TP i is only assigned to site j if a BS is installed in j, and the power limit on the user terminal:
where P max is the maximum emission power and P tar /g ij corresponds to the emission power required by a mobile station in TP i to guarantee the target received power P tar at site 0-7803-7467-3/02/$17.00 ©2002 IEEE.
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c jk y jk (9) s.t.
where c jk is the cost for installing a BS in configuration k in site j and constraints (12) make sure that for each site j at most one BS configuration is selected.
III. TABU SEARCH ALGORITHM Since the above UMTS base station configuration and location problem generalizes the standard facility location problem, it is NP-hard. To find good approximate solutions of the above model in a reasonable amount of time, we have extended the heuristics presented in [1] , [2] , [3] for the location model.
Good initial solutions are obtained by simple randomized greedy procedures that iteratively activate BSs in a configuration which yield one of the best variations in terms of the objective function. In our adaptation of the Tabu Search metaheuristic [5] , we consider the following 'moves' to explore the solution space: removing a BS, installing a new BS, removing an existing BS and installing a new one (swap), and changing the configuration of a given BS. Each time a move requires the installation of a new BS, the best configuration in terms of the objective function is selected. At each step, a new current solution is obtained by carrying out the best available move even though it may worsen the objective function value. To prevent cycles and try to escape from local optima, some moves are forbidden for a certain number of steps (they are added to a Tabu list). The best solution found during the iterations is stored and returned after a predefined maximum number of steps. See [2] , [3] for details on the purely location case.
IV. NUMERICAL RESULTS
To evaluate the performance of the proposed algorithm we have considered synthetic but realistic uplink instances. To generate these instances we have developed an instance generator tool which aims at simulating the traffic distribution of urban areas surrounded by suburban areas and the candidate sites location which is usually selected by service providers considering traffic intensity in the area. For each instance we consider a square service area D × D, a number m of candidate sites in which to locate three-sector antennas and a number n of TPs. To select the position of TPs and CSs we divide the area into d × d smaller regions through a regular grid (see Figure 1) . In each region we can locate a high (H) , medium (M) or low (L) number of TPs, or even no TP at all. The number of regions with H, L, M TPs is set to n H , n L , n M respectively, so that Using a pseudo-random number generator we first select which regions are assigned a number H of TPs. To each region i is associated a weight w i initially set to 1. Regions are 0-7803-7467-3/02/$17.00 ©2002 IEEE.
iteratively picked with a probability P i = w i /( i w i ). After each iteration the weight w i of the selected region is set to zero, and the weights of the neighboring regions are increased by 1. Once all n H TPs with high traffic have been selected, the n M TPs with medium traffic and the n L TPs with low traffic are selected with the same procedure. This mechanism produces realistic instances characterized by clusters of regions with high traffic surrounded by regions with lower traffic as usually observed in cities and their suburban areas. The position of CSs is also randomly selected in the set of crossing points of the regular grid. The procedure adopted is similar to the previous one: to each grid point is assigned a weight equal to the number of TPs in the four adjacent regions. After each iteration the weight of the selected point is set to zero and the weights of its neighboring points are increased by 1.
The propagation matrix G is obtained by using classical Hata's formulas [6] which give the attenuation A (loss) in dB due to signal propagation as a function of the distance between transmitter and receiver, the transmission frequency, and the base and mobile stations heights (see [1] , [2] , [3] ). Moreover, we take into account the antenna tilt by considering a realistic vertical radiation diagram (see Figure 2 ) and the angle in the vertical plane obtained considering the ray between the BS antenna (whose height is also a configuration parameter) and the mobile terminal (whose height is set to 2 m). To evaluate the effect of optimizing BS configuration on the traffic coverage and the total installation cost, we have considered the following configurations: BS antenna height (which has an impact on G through Hata's formula), antenna tilt (whose impact on G is due to the translation of the vertical antenna radiation diagram), and sector orientation (which changes the sets I σ j ). More specifically, we consider 0, 30, 60 or 90 degree rotations, 10, 20, 30 or 40 degree tilts with respect to the vertical axis and 5, 10, 20, 30 meter heights above ground level.
For a matter of space, here we only report some typical results obtained for randomly generated instances with n = 881 TPs and a 1005 × 1005 meter service area which is subdivided into 225 square regions of size 67 × 67. The number of regions with respectively high, medium and low traffic are: n H = 45, n M = n L = 68, and the corresponding number of TPs per region are: H = 9, M = 5, and L = 2. Table I shows the results obtained with the Tabu Search algorithm considering either fixed or variable antenna tilts (while sector orientations and heights are fixed). All ten instances contain m = 55 CSs. Notice that in all cases optimizing the antenna tilts yields a higher traffic coverage and/or a lower number of BSs installed. Table II shows a comparison between three scenarios: in the first one only sector orientations can be optimized, in the second one only antenna tilts while in the third one both set of parameters are simultaneously optimized. As expected, tuning sector orientations as well as tilts can yield substantial improvements in traffic coverage and/or installation cost. Clearly, the coverage and cost values also depend on the value of the trade-off parameter λ in 2. Here a large λ was selected so as to assign a much higher weight to the coverage term than to the cost term.
In Table III the solutions obtained by simultaneously optimizing BS location and configuration are compared to those resulting from a two-phase approach in which first the BS locations are selected and then the configurations are optimized. Notice that our general location-configuration model lead to better results even though similar Tabu Search procedures are used to separately optimize locations and configurations.
Finally, Figure 3 shows the trade-off between the traffic coverage and the number of BSs installed for an instance with m = 45 CSs and n = 881 TPs. Note that this type of curve, which provides useful insight into the best way to balance the two contrasting objectives, can be easily computed by adapting our Tabu Search algorithm so as to look for approximate solutions with a prescribed number of BSs. If none of the two objectives has a much higher priority than the other, one may be interested in non-dominated (Pareto-optimal) solutions. 
V. CONCLUSIONS
We have addressed the general problem of optimizing UMTS base station location and configuration. In particular, we have presented an integer programming model, which takes into SIR constraints and a power-based PC mechanism, and we have proposed a Tabu Search algorithm providing good solutions within a reasonable amount of time.
Numerical results show that accounting for configurations in the planning process lead to improved solution quality. Moreover, it is preferable to simultaneously optimize BS locations and configurations rather than to do so separately.
Our algorithm can be included in classical network planning tools which are essential to help service providers to design 0-7803-7467-3/02/$17.00 ©2002 IEEE. UMTS networks in an efficient and cost effective way. The model and algorithm presented here have already been extended to account for downlink SIR constraints, and other issues such soft hand-over are under investigation. See also [4] for a discussion of various modeling aspects.
